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axion warm inflation

-~

> scalar field ¢ = ¢(t) , Vo ~ 0
> self-interaction potential V()
> mediumat T, T(0)~0

> friction T transfers energy from ¢ to medium
= many time scales

> How is ¢ coupled to the heat bath?

o)

inflation reheating
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.axion warm inflation
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impose symmetry = ¢ pseudoscalar
> Axion-like coupling

> periodic potential V()

1
L= Ea“go Oup — V() — ¢J + Lpath

2 _pvpo c c
_& ¢ FivFos .
J= ZT g YM coupllng,

f, decay constant, ce€ {1, ...

= medium thermalizes fast
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Benchmark solutions for V() ~ 3 m?p?

M. Laine and S. Procacci, JCAP 06 (2021) 031 [arXiv:2102.09913v2]

weak regime strong regime
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https://arxiv.org/pdf/2102.09913v2.pdf

IR
uv
Comparison

Reheating:

e = ey + e+ ew +... radiation energy density
1
1073 SM prediction®

Ae, ~ A(Nygy — 3) =
' (e =3) 107! exp. accuracy’

assumption of thermal equilibrium justified: o?>T > H
> obtain lower bound for egy

> use local Minkowskian frame

1J. Ghiglieri, G. Jackson, M. Laine and Y. Zhu, JHEP 07 (2020) 092 [arXiv:2004.11392]
2A. Ringwald, J. Schiitte-Engel and C. Tamarit, JCAP 03 (2021) 054 [arXiv:2011.04731]
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GWb production rate:

degw
dtdInk

k3 ng(k) kT (k)
~——

distribution

> interaction rate:

1 .
kT(k) ~ — Lo AmGpy,, (k. k)
o projection

> retarded correlator: K- X =wt —k-x

(0, K) = i /X X ([Tos(X), T ()7 (1)



IR
uv
Comparison

k < mT: hydrodynamic fluctuations

T D Oupdup + T),

> macroscopic scales <> collective phenomena

> correlator <> shear viscosity
= weakly interacting particles contribute the most

> real time computation in Keldysh r/a basis

deqw k<nT 275
_Geaw kT Lk Ty
dtdInk ci(k, T) m?

pl
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IR
uv
Comparison

k ~ 7w T: Boltzmann regime

Tp,l/ > 8#9081/90 - F/jaFuca

v
LM G g ~ @ 5Catnm(81, %, 83) Onsm(Pays Py, Pes)

Vv
phase space |matrix elements|2

eg. 1-3: Wﬁfm%"” ol e S e o o Lo Y o ol o
g S = T e bl S e i

deGW kNﬂ'T T9
~ k, T
dtdink cuv(k, )fgmg,
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IR
uv
Comparison

for axion-like inflation we found:

deqw k<nT 275
— X k,T)-2
dtdink ek T) =2
degw k~rT 7O
— = k,T) =
dtdink cuv(k, )f;m,%’I

compare with SM results®

decw T’
— | = k., T)—
dtdInk|, com(k; )mfl

different parametric behaviours!

3

J. Ghiglieri, G. Jackson, M. Laine and Y. Zhu, JHEP 07 (2020) 092 [arXiv:2004.11392]
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https://arxiv.org/abs/2004.11392

IR
uv
Comparison

N plot coefficients c.,,, ¢, and cyy:

P. Klose, M. Laine and S. Procacci, JCAP 05 (2022) 021 [arXiv:2201.02317]

Standard Model , axion-like inflaton / [R-part axion-like inflaton / UV-part
T I 10 T T :
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benchmark solutions reach T, ~ f;/a ~ 200 f,

= small contributions from ¢z < from ¢,y < from ¢,

= signal very demanding to observe
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https://arxiv.org/abs/2201.02317

Reheating after axion-like inflation yields

> new sources of gravitational waves
> large difference between Abelian® vs. non-Abelian heat bath

> non-Abelian case: signal unlikely to exceed SM background

next step: more realistic potential(s)

ub

4P. Adshead, J.T. Giblin Jr, M. Pieroni and Z.J. Weiner, Phys. Rev. D 101 (2020) 083534 [arXiv:1909.12842]
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Axion warm inflation with V() ~ Fm%p

1
L= 2 (‘9“@ Oup — m2802) — pJ + Lpath
1
t
() = - / dto(t) Gut—t) +O(F)
0 D

redarded correlator

1

G+ T+ mszp? ~ 0

Tm@, m? =~ m* — Re Ga(m)
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Retarded pseudoscalar correlator C, ~ C* + C*

> w>> T : vacuum part®:°
a?uwt

=

a

Im Gy (w) ~

> w < &®T : non-perturbative dynamics’

_wATm

G ~=""A

T\r = sphaleron rate, A = YM thermalization rate

l:—)S. Caron-Huot, Phys. Rev. D 79 (2009) 125009 [arXiv:0903.3958]

b
6A. L. Kataev, N. V. Krasnikov and A. A. Pivovarov, Nucl. Phys. B. 490 (1997) 505 (E) [arXiv:9612326] u
7G. D. Moore and M. Tassler, JHEP 02 (2011) 105 [arXiv:1011.1167]
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Computations of the GW production rate — IR
> retarded propagator of p: 2 = p?+m?
nR(w7ﬁ) = —w2+elp—in ? P = lmnR )
> retarded correlator of T, :
Im Gy (@) o, = Sy p,3(K—P1=P2)[1+ g (w1)+ng(w2)]
X{Pxx(P1)p.y.y (P2)+0.y.y (P1)p,x,x(P2)

+2p,x,y (P1)p,y,x(P2)}

~U« w,k,TLnT

2
3 o 3
eiine = ot f57 b (2) malelitnae] F(kZT)
pl

€

—_——
T2 k<7
k=2 k>T
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Computations of the GW production rate — UV
©.-:(Par, P Pgy) = i P o T e P e G i

, $(P,)
(K
RAARRARA
o
> on shell: K2=P2 =0, Pl=m’; Q=K-P;, s13=Q=(Pg+Pg)’
. 2
> vertices: - < = _8,‘5Xfag_53b5aﬁ_15’pg1pg3 ,
i — o 8
L =2iPgQf
= —2i5™[Q PP H(Q Py 0 PP QP - QP P

> polarization sums: 3, — Lo (K), 3, o = P (P 5)

4

513 + m8 m~Q 9
(53— m2y2 13

13
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